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Ribosomal transcripts produce critical proteins that are involved in most cellular production processes.
Targeting ribosomal transcripts has produced mortality in mites and ticks but the effect of ribosomal
transcript knockdown has not been thoroughly examined in mosquitoes. We examine the effects of trig-
gers targeting four ribosomal proteins (RP) transcripts. Although no significant mortality was observed
after dsRNA microinjection and subsequent blood feeding, significant contrasts were observed on fecun-
dity. Triggers targeting RPS6 and RPL26 effectively reduced gene expression but more importantly,
reduced reproductive output by more than 96% and 91% at the first oviposition while triggers targeting
RPL1 and RPS2 did not cause a reduction although gene expression was reduced. Significantly reduced
fecundity continued through a second oviposition cycle in dsRPS6 and dsRPL26 cohorts, although the
effect was not as strong. Relative gene expression levels confirmed specific transcript knockdown up
to 20 days post-injection in mosquitoes that did not oviposit or produced reduced clutch sizes.
Dissections at 36 h post-blood meal indicated defects in oocyte provisioning. The strong phenotype pro-
duced by dsRPS6 allowed us to examine the effects in various tissues as well as the dose response, trigger
format, delivery method and trigger specificity in Aedes aegypti. Strong knockdown was observed in the
abdomen and the ovaries. Greater than 50 ng of dsRPS6 significantly reduced fecundity but not when
delivered in a sugar meal or as an siRNA. Similar bioassays with mutated dsRPS6 triggers indicates that
up to three mismatches per possible siRNA are still effective in reducing fecundity. These studies indicate
that while active and effective triggers can be developed for vector species, the lack of an efficient
delivery method is the biggest barrier to use as a potential control method.
Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.
org/licenses/by/4.0/).1. Introduction
The discovery of a natural antiviral response system in
Caenorhabditis elegans (Fire et al., 1998) essentially homologousto plant-based post-transcriptional gene silencing (PTGS) ushered
in a new era of functional genomics studies as well as hopes for
agricultural and public health pest control (Huvenne and
Smagghe, 2010). It was noted that exogenous RNA, formatted as
siRNAs or dsRNAs to trigger the native RNAi machinery, could pos-
sibly be developed against targeted species but would remain rel-
atively harmless to non-target and beneficial organisms. Multiple
reviews discuss the potential uses and pitfalls of RNAi-based ther-
apeutics as a means of pest control (Perrimon and Mathey-Prevot,
2007; Huvenne and Smagghe, 2010; Zhang et al., 2013; Baum and
Roberts, 2014).
A critical first step requires identification of effective RNAi trig-
gers for a pest species. Relatively quick progress has occurred for
agricultural pest insects due to the burden of economic injury
and the potential market for the resulting control products.
Baum et al. (2007) screened almost three hundred individual
18 A.S. Estep et al. / Journal of Insect Physiology 90 (2016) 17–26dsRNA triggers and identified a subset that resulted in significant
larval mortality when fed to the western corn rootworm
(Diabrotica virgifera virgifera). DsRNA-mediated RNAi has also
produced mortality in the Colorado potato beetle (Lepitnotarsa
decemlineata) (Baum et al., 2007; Zhu et al., 2011), the lepidopteran
pest, Helicoverpa armigera (Jin et al., 2015) and numerous
chelicerate arthropods including predatory mites (Wu and Hoy,
2014), Varroa destructor (Garbian et al., 2012) and ticks (de la
Fuente et al., 2006; Hatta et al., 2007; Kurscheid et al., 2009).
The difficulty of identifying lethal phenotypes and the slow
induction of critical deficits in adult insects has caused some
groups to use dsRNA to target genes that induce or reduce
susceptibility to pathogens (Campbell et al., 2008; Maori et al.,
2009) or pesticides (Bautista et al., 2009; Mao et al., 2007, 2011)
which can lead to increased insect death or inability to host vec-
tored pathogens.
By comparing the results of these studies, it is clear that effec-
tive triggers and targets in one particular organism may not be
effective in another due to differences in specific life stage, physi-
ology of the organism or ability to take up the RNAi triggering
molecule. It appears that while larval life stages of insects are gen-
erally more susceptible to RNAi (Huvenne and Smagghe, 2010), the
ability to effectively import RNA-based triggers into tissues is vari-
able within some orders and with the presence or absence of speci-
fic dsRNA transporters like SID1 (Terenius et al., 2011; Feinberg
and Hunter, 2003). Additionally, RNA-directed RNA polymerases
(RdRP) are present in the genomes of chelicerate arthropods,
viruses, and nematodes but not insects, and are responsible for sec-
ondary amplification of the RNAi response (Nishikura, 2001; Pak
and Fire, 2007). Effective RNAi has been successfully initiated by
triggers fed directly to some organisms or expressed in bacteria
and plants (Zhu et al., 2011; Jin et al., 2015) but feeding triggers
to hematophagous vectors is difficult although it has been
reported.
Progress with using RNAi mechanisms against public health
pests has been much slower with two critical limitations. There
is no reliable method for easy delivery to adult vectors although
larval mosquitoes seem to be more susceptible (Zhang et al.,
2010; Whyard et al., 2015). The second challenge is to identify
effective targets and although several publications have indicated
mortality due to dsRNA treatments; they have not been widely
replicated in other laboratories (Pridgeon et al., 2008; Walshe
et al., 2009; Isoe et al., 2011; Puglise et al., 2016). However,
non-lethal effects that reduce fitness have been consistently iden-
tified (Gulia-Nuss et al., 2011; Isoe et al., 2011; Sim and Denlinger,
2009).
A small body of work targeting ribosomal transcripts indicates
they may be attractive targets for RNAi-mediated knockdown
because of the importance of the ribosome in most cellular pro-
cesses. In Drosophila melanogaster, mutated ribosomal genes
resulted in inhibition of oviposition in adults or mortality in larvaeTable 1
Primers for dsRNA construction and qPCR analysis.
Name Forward primer
T7-RPS6 GTCCTGACCAACACCCGT
T7-RPL26 CAAGAGCCGTAAGCGACATT
T7-RPL1 CCGGTAAAATTCCGGCTTTA
T7-RPS2 TGTGAAATTGGTTGATGTTC
qRPL24 AATGAAGATCGGCCTTTGC
qRPS6 CTCGGCGAGTGTATGGAAAT
qRPL26 CCCTCTTTCCTTCCGACATC
qRPL1 CGCAAGGCCAAAGTCAAGAA
qRPS2 CCGACTGCAGCAATATCCGA
a Amplicon size of templates for dsRNA includes 40 bases contributed by the T7 promo
dsRNA templates include a minimal T7 promoter sequence (taatacgactcactataggg) appeamong other abnormalities (Kay and Jacobs-Lorena, 1987;
Cramton and Laski, 1994). Individually knocking down ribosomal
transcripts in the chelicerates Rhipicephalus microplus and
Metaseiulus occidentalis also resulted in a reduction in oviposition
(Kurscheid et al., 2009; Wu and Hoy, 2014). During diapause
studies in Culex mosquitoes, dsRNA-mediated targeting of RPS3a
caused a short term reduction in the ability to provision eggs
(Kim et al., 2010).
In this study, we examine the effects of knockdown of several
ribosomal transcripts in the mosquito Aedes aegypti. We examined
the effects on fecundity through multiple oviposition cycles and
analyzed the relative expression levels of specific ribosomal
transcripts. Using the strong dsRPS6 phenotype, we investigate
the effects of dose, trigger format, delivery method and siRNA
mismatches on efficacy.
2. Material and methods
2.1. Mosquito colonies and rearing
Aedes aegypti (Orlando strain) have been in continuous colony
at the Center for Medical, Agricultural, and Veterinary Entomology
(CMAVE) since field collection near Orlando, Florida in 1952. The
Ae. aegypti rearing protocol is highly standardized and has been
described previously (Pridgeon et al., 2009). Three one-
hundredths of a milliliter of eggs are placed into 100 mL of deion-
ized water along with about 50 mg of finely ground alfalfa/pig
chow mixture. The neonates are placed into a tray containing 3 L
of deionized water with 0.5 g of brewers yeast:liver powder
(3:2). Trays are maintained at 27 C in an insectary under a
14:10 L:D cycle. Trays are fed 1 g of 3:2 food on the day following
hatch and then again 2 days later. Collected pupae are placed into a
screened colony cage with 10% sucrose soaked cotton balls
ad libitum. Under these rearing conditions, early larval instars are
completed daily, the 4th instar requires 2 days, and pupal develop-
ment takes two days. Mosquitoes emerge at the end of the seventh
day after hatching and females weigh 2.5 ± 0.3 mg (mean ± SD)
each. Colonies were provided manually-defibrinated bovine blood
as the protein source for colony maintenance. Mosquitoes used for
injection experiments were 3–6 days post emergence and had not
been blood-fed.
2.2. Synthesis of RNAi triggers
Five dsRNA triggers were produced for initial oviposition bioas-
says in this study (Tables 1 and 2). The native transcript sequences
for RPS6 (AAEL000032B, XM_001647882.1), RPL26 (AAEL005817,
XM_001651406.1), RPL1 (AAEL004643, XM_001649463), and
RPS2 (AAEL008582, XM_001653266) from the Liverpool genome
Assembly L1.1 (www.vectorbase.org/aedes_aegypti) were used
for an initial in silico analysis to identify splice junctions andReverse primer Amplicon sizea
CCCTTCTTGACGACGATCAG 192
ACCTGGACCACCTTACCGAC 223
AGCCTTCTCACGGGTTCCCT 203
AGCCAATGTTGATAGACACC 225
AGGACGGTCCACTTCACC 162
CGTAGAAGTGACGCAGCTTG 116
GGCGAGACGAGGAAACATT 105
CTGACCCAGCAGTTGTCCAC 146
GTACCCTCTTTGTGGCCCAA 128
ters of the fusion primers that are not present in the final dsRNA product. Primers for
nded which is not shown.
Table 2
dsRNA and siRNA sequences.
Namea Sequence
dsRPS6 GUCCUGACCAACACCCGUGUCCGUCUGCUGCUGAAGAAGGGCCACUCUUGCUAUCGCCCACGUCGUACCGGAGAGCGCAAGCGUAAGUCGG
UUCGCGGUUGCAUCGUUGACCAGAACCUGUCUGCCCUGGCCCUGAUCGUCGUCAAGAAGGG
dsRPL26 CAAGAGCCGUAAGCGACAUUUCCAGGCCCCGUCGCACAUCCGCAGGAAGCUGAUGUCGGCGCCCCUGUCCAAGGAACUGAAGCAAAAGUAC
ACUGUCCGGUCGAUGCCAAUCCGCAAGGAUGAUGAAGUGCAGGUCGUCCGGGGACACUACAAGGGCAACCAGGUCGGUAAG
GUGGUCCAGGU
dsRPL1 CCGGUAAAAUUCCGGCUUUAUUGAAAAAACAAGCAAAAUGUUCACCGUCAGUAACUUGGCACUGGCCAGGUUGGGAGUGCGUUCAGUGC
UGCUGACGAACGCCCGGCCACUGCAAACCGCCGUCGUCGAUUUGGCCGCUCGAAAGGGAACCCGUGAGAAGGCU
dsRPS2 UGUGAAAUUGGUUGAUGUUCCUGUUUUAAAUUUAAUAUUUUCGUCUAUUCCAUCAAUCAAUGCUCCUUUACCUACCAUAAGUGAAUUCA
UAACUUUUGUUUCAUCGUUCACAAGUCGAAGAGUGCAAAAUGUUGGCGAAAACAGUUUUAAAUAGAGCUUCGCUCCGGUGUCUAUCAACA
UUGGCU
dsGFP GCCAACACUUGUCACUACUUUCUCUUAUGGUGUUCAAUGCUUCUCAAGAUACCCAGAUCAUAUGAAACAGCAUGACUUUUUCAAGAGUGC
CAUGCCCGAAGGUUAUGUACAGGAAAGAACUAUAUUUUACAAAGAUGACGGGAACUACAAGACACGUGCUGAAGUCAAGUUUGAAGGUGA
UACCCUUGUUAAUAGAAUCGAGUUAAAAGGUAUUGAUUUUAAAGAAGAUGGAAACAUUCUUGGACACAAAAUGGAAUACAACUAUAACUC
ACAUAAUGUAUACAUCAUGGGAGACAAACCAAAGAAUGGCAUCAAAGUUAACUUCAAAAUUAGACACAACAUUAAAGAUGGAAGCGUUCAA
UUAGCAGACCAUUAUCAACAAAAUACUCCAAUUGGCGAUGGCCCUGUCCUUUUACCAGACAACCAUUACCU
siRPS6b CGAAGAAGGCAGAAAAGAAtt
gtGCUUCUUCCGUCUUUUCUU
a Only the transcript matching sense strand is shown for dsRNA triggers.
b siRNA sequences are overlapping RNA duplexes with locked nucleic acid 30 overhangs. They were made using the online designer at www.lifetechnologies.com and
produced in the ‘‘custom SilencerSelect” format.
Table 3
Sequences of mutated dsRPS6 Triggers.
Namea Sequence
dsRPS6-no mutations GUCCUGACCAACACCCGUGUCCGUCUGCUGCUGAAGAAGGGCCACUCUUGCUAUCGCCCACGUCGUACCGGAGAGCGCAAGCGU
AAGUCGGUUCGCGGUUGCAUCGUUGACCAGAACCUGUCUGCCCUGGCCCUGAUCGUCGUCAAGAAGGG
dsRPS6-1_mismatch/siRNA GUCCUGACCAACAACCGUGUCCGUCUGCUGCUGACGAAGGGCCACUCUUGCUAUCUCCCACGUCGUACCGGAGAGCUCAAGCGU
AAGUCGGUUCGCGUUUGCAUCGUUGACCAGAACCGGUCUGCCCUGGCCCUGAUCGGCGUCAAGAAGGG
dsRPS6-2_even/siRNA GUCCUGACCAACAACCGUGUACGUCUGCUGCUGACGAAGGGACACUCUUGCUAUCUCCCACGGCGUACCGGAGAGCUCAAGCG
GAAGUCGGUUCGCGUUUGCAUAGUUGACCAGAACCGGUCUGCACUGGCCCUGAUCGGCGUCAAUAAGGG
dsRPS6-3_even/siRNA GUCCUGCCCAACAACCGUGUACGUCUGAUGCUGACGAAGGGACACUCUGGCUAUCUCCCACGGCGUACCUGAGAGCUCAAGCG
GAAGUCGUUUCGCGUUUGCAUAGUUGACAAGAACCGGUCUGCACUGGCCAUGAUCGGCGUCAAUAAGGG
dsRPS6-4_even/siRNA GUCCUGCCCAACAACCGGGUACGUCUGAUGCUGACGAAUGGACACUCUGGCUAUCUCCCCCGGCGUACCUGAGAGCUCAAUCG
GAAGUCGUUUCGCGUUUGAAUAGUUGACAAGAACCGGUCGGCACUGGCCAUGAUCGGCGUAAAUAAGGG
dsRPS6-2_cluster/siRNA GUCCUGACCAACAAACGUGUCCGUCUGCUGCUGACUAAGGGCCACUCUUGCUAUCUACCACGUCGUACCGGAGAGCUAAAGCG
UAAGUCGGUUCGCGUGUGCAUCGUUGACCAGAACCGUUCUGCCCUGGCCCUGAUCGGAGUCAAGAAGGG
dsRPS6-3_cluster/siRNA GUCCUGACCAACCAACGUGUCCGUCUGCUGCUGCCUAAGGGCCACUCUUGCUAUAUACCACGUCGUACCGGAGAGAUAAAGCGU
AAGUCGGUUCGCUUGUGCAUCGUUGACCAGAACAGUUCUGCCCUGGCCCUGAUCUGAGUCAAGAAGGG
dsRPS6-4_cluster/siRNA GUCCUGACCAAACAACGUGUCCGUCUGCUGCUTCCUAAGGGCCACUCUUGCUAGAUACCACGUCGUACCGGAGAUAUAAAGCGUA
AGUCGGUUCGAUUGUGCAUCGUUGACCAGAAAAGUUCUGCCCUGGCCCUGAUAUGAGUCAAGAAGGG
a Only the transcript matching sense strand is shown for dsRNA triggers. Mismatches to the original sequence (first sequence) are underlined.
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RNAi design program provided by the German Cancer Center
(http://www.dkfz.de/signaling/e-rnai3/idseq.php). All standard
parameters were used. Automated trigger design was allowed to
use the entire Vectorbase transcript with the exception of RPS6
which was targeted against transcript AAEL000032-RB exons also
found in AAEL000032-RA and AAEL000032-RC, two longer RPS6
transcripts. The algorithm designed primers to produce dsRNA
triggers of 152 bp for RPS6, 183 bp for RPL26, 163 bp for RPL1
and 185 bp for RPS2 (Table 2). The design program checks the indi-
vidual siRNAs for off target effects against the Ae. aegypti genome
as well as appending T7 promoter sequences to the primers. Seven
additional dsRNA triggers were designed with intentional template
mismatches to the native sequence targeted by dsRPS6 so that
resulting siRNAs would contain 1, 2, 3, or 4 mismatches after
cleavage by Dicer (Table 3). Templates with 2, 3, or 4 mismatches
were each produced in two conformations so that the mismatches
were either evenly spaced or clustered together. Sequences for
these mutated templates were ordered as gBlocks Gene Fragments
(Integrated DNA Technologies, Coralville, IA)Triggers for RPS6, RPL26, and the seven mutated RPS6 dsRNAs
were manufactured with the MEGAscript RNAi Kit (Ambion,
Thermo Fisher Scientific) with a few modifications. Initial template
was produced by PCR using Ae. aegypti Orlando strain female cDNA
or the gBlock fragments and T7-appended gene specific primers
(Table 1). The initial PCR products were gel purified, sequenced
to verify the amplicon, and then used for further template amplifi-
cation to produce sufficient quantities for the MEGAscript reaction.
This amplified product was concentrated and buffer exchanged
twice with nuclease free water in a spin concentrator (Amicon
30 K MWCO (Millipore)) to remove impurities left from the PCR
reactions. The standard MEGAscript protocol was extended to
allow the synthesis reaction to run for 24 h at 37 C and then puri-
fied according to the protocol. Triggers were concentrated to
approximately 20 lg/lL using Amicon 30 K MWCO concentrators
(Millipore) and then the concentrated dsRNA was frozen. This pro-
cedure was performed three separate times for dsRPS6 and
dsRPL26 and once for each of the seven dsRPS6 variants. The
dsRNA triggers for RPL1, RPS2, GFP and subsequent batches of
dsRPS6 were kindly produced by Monsanto (St. Louis, MO, USA).
Table 4
Experimental timeline and sample collection timepoints.
Day post-
emergence
Days post-
injection
Action
3 0 Cold anesthetize and inject dsRNA or siRNA
6 3 Provide first blood meal
7.5 4.5 Dissections for determining tissue-specific
gene expression
9 6 Split into individual oviposition cups
13 10 Count eggs from first oviposition cycle
16 13 Collect organisms for qPCR
16 13 Provide second blood meal
23 20 Count eggs from second cycle
Collect organisms for qPCR
26 23 Provide third blood meala
32 29 Count eggs from third cyclea
Collect remaining organisms for qPCR
32+ 29+ Rear embryonated eggs to examine
viability
a A third oviposition cycle was only tracked in the first of the seven experiments.
Due to increasing mortality in all samples after 20 days post-injection, this third
cycle was abandoned.
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proprietary algorithms on the Life Technologies website (https://
www.lifetechnologies.com/order/custom-genomic-products/tools/
sirna/) from transcript AAEL000032-RB (siRPS6, Table 2) in the
SilencerSelect format which includes two locked nucleic acids at
the 30 overhangs to increase effective duration in mammals. A sim-
ilarly constructed control siRNA, Silencer Negative Control #1
(siCTL1, Ambion #AM4635) was also purchased and included in
all siRNA injection experiments.
Samples of dsRNA were diluted in MEGAscript elution buffer
and siRNA was diluted in nuclease free water to a final concentra-
tion of 10 lg/lL before injection.
2.3. Injection procedure
Glass capillaries were pulled to a fine tip using a Kopf Model
720 needle puller with settings at 16.8 resistance and a pull
strength of 4. A needle was placed into a Nanoject 2000 (World
Products Inc.) and the tip was broken to provide a sharp point.
The device was set to deliver 100 nL per injection. The needle
was filled with 3–4 lL of the test solution containing either dsRNA
or siRNA. Female Ae. aegypti were manually aspirated into a
holding tube and cold anesthetized in a laboratory refrigerator
(Helmer) at 3–4 C. Mosquitoes were aligned on their dorsum on
chilled slides for easy injection. Slides and mosquitoes were main-
tained at 4 C until injection. We did not observe any mortality in
this mosquito strain even after 24 h of chilling. The slides with
chilled mosquitoes were placed on a chill table (BioQuip Model
1614) and then the dsRNA or siRNA trigger was introduced through
the middle one-third of the mesokatepisternum. The meniscus in
the needle was observed to ensure actual delivery upon injection.
If a portion of the injected solution beaded out of the cuticle upon
needle removal or the meniscus failed to move upon injection, the
mosquito was removed from the cohort. Successive injections fol-
lowed the same procedure. Cohorts of approximately mosquitoes
were allowed to recover in an inverted screened cup (Solo TK35)
placed over sucrose saturated cotton resulting in less than 5% ini-
tial mortality from the injection procedure (Isoe et al., 2011).
The standard injection dose of RNAi triggers was 1 ug/female for
all experiments except the dose curve. Three doses of dsGFP (1000,
100 & 50 ng) and seven doses of dsRPS6 (1000, 400, 200, 100, 50, &
25 ng) were used for the 3 replicate dose curve experiments.
2.4. Mosquito dissections
Dissections for tissue specific analysis separated mosquito
cohorts into excised heads, thoraxes, ovaries, and remaining
abdominal tissues for RNA isolation. Tissue level dissections were
performed three separate times with 10 mosquitoes in each cohort.
Mosquitoes were collected at 36 h post-blood meal (PBM) to
examine ovarian provisioning. Mosquitoes were briefly cold anes-
thetized and then placed on a slide next to a drop of PBS. The ovaries
were removed by grasping the final two segments of the abdomen
with forceps and pulling gently away from the carcass. The gut and
ovaries were dissected into the PBS and non-ovarian tissue was
excised. Images were captured on a Keyence 1000 system.
2.5. Oviposition assays
An experimental timeline for these oviposition assays is shown
in Table 4. Cohorts of injected mosquitoes were allowed to recover
for three days post-injection (DPI) and then provided access to a
warmed blood meal for 8 min. Mosquitoes that did not feed were
given an immediate second attempt with another warmed blood
meal. If a mosquito did not feed after the second try, it was
removed from the experiment. Blooded females were returned to10% sucrose and maintained under standard temperature and
humidity conditions. Three days PBM (6DPI) individual females
were gently aspirated into mesh sealed oviposition cups (Solo
TK35) that contained 65 mL of deionized water and a 3 cm by
4 cm strip of soaked seed germination paper (Anchor Paper Co.)
for deposition of eggs. Oviposition cups were provided with 10%
sucrose saturated cotton. Oviposition and mortality were tracked
daily and eggs were counted at 10DPI. Females were aspirated to
new oviposition cups and given a second blood meal at 13DPI. Indi-
vidual mosquitoes from each group were collected and dissected or
frozen before the second blood meal. The same collection proce-
dure was repeated after the second blood meal and eggs were
counted at 20DPI. Females were frozen for quantitative PCR (qPCR)
analysis after this second ovposition cycle in six of the seven exper-
iments. In one experiment, the mosquitoes were taken through the
oviposition procedure for a third cycle rather than frozen.
A modification of this method was used for three repetitions of
a sugar feeding assay. Instead of injection, mosquitoes were given
continuous access to 1000 ng/ll dsRNAs in 10% sucrose until
bloodfeeding.
To assess viability of eggs, cups with egg papers were kept
allowed to embryonate before being filled with an additional
55 mL of water with approximately 5 mg of ground alfalfa powder
to submerge the eggs and allow hatching. First instar larvae were
counted 24–48 h later.
Seven repetitions of the oviposition study were performed for
dsRPS6 and dsRPL26 over the course of 18 months. Two repetitions
of dsRPL1 and dsRPL2 oviposition studies were conducted with
dsRPS6 as a positive control and dsGFP as a negative control.
2.6. cDNA preparation
Mosquitoes for qPCR analysis were immediately frozen, trans-
ferred to individual microcentrifuge tubes and maintained at
80 C. RNA isolation was performed using a room temperature
column-based RNA isolation kit (Zymo Research). RNA from indi-
vidual mosquitoes (except for RPL1 and RPS2 dsRNA treated mos-
quitoes which were processed in groups of 12) was purified
following the manufacturer’s instructions including an optional
DNAse I injection. RNA was eluted and checked for concentration
and quality on a Nanodrop 2000 (Thermo Fisher Scientific) show-
ing an A260/A280 ratio consistently greater than 1.95. RNA was
stored at 80 C. To normalize the cDNA creation step, 300 ng of
input total RNA was used from each sample for first strand cDNA
synthesis using the Cloned AMV First-Strand cDNA Synthesis Kit
(Invitrogen, Thermo Fisher Scientific) and oligodT primers
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samples were frozen at 20 C.
2.7. qPCR analysis
Individual mosquitoes were collected after oviposition cycles
and cDNA was prepared as above. Samples from each experiment
were analyzed on a StepOnePlus (Applied Biosystems, Thermo
Fisher Scientific) using SYBR green chemistry. Specifically, the
10 lL reaction was 5 lL of 2 SYBR Select (Invitrogen, Thermo
Fisher Scientific), 3 lL of combined 3 lM forward and reverse pri-
mers, 1.5 lL of nuclease free water, and 0.5 lL of sample cDNA. Pri-
mers for qPCR were designed using the Primer3 server; the
amplicon was specified to be 85–125 bp, the Tm optimized for
60 C, and the amplicon was required to cross an exon/exon junc-
tion. The primers were designed to amplify a region outside that
targeted by the dsRNA or siRPS6 trigger to prevent any possible
amplification of residual T7 template. Reactions were run in at
least technical duplicates. Melt curve analysis followed qPCR to
ensure that only one product was being amplified. Each 96-well
plate from a particular experiment was provided with a common
control sample to allow plate to plate comparison. Relative quan-
tification was performed by comparison to an amplified L24 con-
trol transcript (Table 1) which has been shown to be relatively
consistent over the range of samples examined (Pridgeon et al.,
2009; Choi et al., 2013). Comparison between samples used the
Livak method (2DDCt) (Schmittgen and Livak, 2008) and test sam-
ples were normalized to expression of samples treated with siCTL1
or dsGFP as appropriate. Initially, template dilution curves were
performed to ensure the primer efficiencies were adequately close
to allow comparison using the Livak method. For experiments
where single mosquitoes were analyzed separately, normalization
was performed to the control gene expression of an individual
sample, thus mean values of relative expression for all individuals
other than the single control sample are present in dsGFP treated
mosquitoes (see Figs. 3 and 5). We have tried to specifically
address recommended MIQE guidelines, many of which deal with
sample preparation and validation, in the appropriate sections of
these methods (Bustin et al., 2009).
2.8. Statistical analysis
Statistical analyses were performed with SigmaPlot v13 (Systat
Software Inc.). Methods were varied based on the character of the
data and number of samples. Clutch size data was sorted by dsRNA
treatment group for both oviposition cycles in each of the seven
experiments and then subjected to Kruskal-Wallis nonparametric
analysis after initial data characterization indicated a non-normal
distribution in some samples that produced low numbers of laying
mosquitoes. Group sizes varied due to natural mortality, removal
of individuals for qPCR dissection, or failure to blood feed, thus
means separation was performed by Dunn’s test which allows
treatment groups of various sizes.
Clutch size (fecundity) data from siRNA treatments was nor-
mally distributed and therefore analyzed by ANOVA.
The effect of dsRPS6 dose on clutch size was analyzed by ANOVA
with multiple comparison of each dose to the 1000 ng/org dsGFP
injected control group.
Quantitative PCR data was analyzed using the Kruskal-Wallis
nonparametric analysis described above. Samples were normalized
to the dsGFP or siCTL1 injected controls prepared from the same
tissue. In the tissue level dissections, both dsGFP and dsRPS6 trea-
ted organisms were compared to similarly prepared tissues from
organisms that had not been injected.
Group sizes for these analyses are noted in the text or are noted
at the base of each graph column.3. Results
3.1. Effects of dsRPS6 and dsRPL26 on clutch size
Based on the initial finding that RPS3A is involved in diapause
induced ovarian shutdown in Culex (Kim et al., 2010), we examined
whether injection of ribosomal specific triggers would affect clutch
size in Ae. aegypti mosquitoes. The initial seven experiments com-
pared a control dsGFP to two triggers (dsRPS6 & dsRPL26) designed
to target RPS6 and RPL26. Mosquitoes were given access to a blood
meal at 3DPI and individual oviposition chambers allowed tracking
of fecundity for each organism. Individual output was grouped by
trigger and was plotted for successive oviposition cycles (Fig. 1).
The total number of individual organisms is noted above the hori-
zontal axis for each cohort. Average clutch sizes varied significantly
between the dsGFP and both the dsRPS6 and dsRPL26 triggers
(K-W test, P 6 0.001, H = 139.34, df = 2) through the first oviposition
cycle. An average of 49.3 ± 3.5 (mean ± SE) eggs were laid by the
dsGFP treated females. Average clutches for the test dsRNA treated
mosquitoes were significantly smaller at 1.3 ± 0.8 eggs for dsRPS6
and 4.0 ± 1.1 eggs for dsRPL26 treated mosquitoes after the first
cycle (Fig. 1A). These two ribosomal dsRNAs were not significantlyF
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the total reproductive output was considerable; the 79 dsGFP trea-
tedmosquitoes laid 3891 eggs, while the combined 187mosquitoes
injected with either dsRPS6 (n = 102, 133 eggs, 96.6% reduction) or
dsRPL26 (n = 85, 340 eggs, 91.3% reduction) laid only 473 eggs.
Significant differences in fecundity continued through a second
cycle of blood feeding and oviposition (K-W test, P 6 0.001,
H = 45.29, df = 2). Sample sizes for the second oviposition cycle
were smaller due to natural death of mosquitoes, removal of those
that did not take a second blood meal, and collections for dissec-
tion and gene expression analysis after the first cycle. The second
gonotrophic cycle for mosquitoes injected with dsGFP had an aver-
age clutch size of 63.5 ± 3.8 eggs (mean ± SE). This was significantly
different from the clutch size of dsRPS6 (19.9 ± 4.0 eggs) and
dsRPL26 (25.6 ± 5.0 eggs) injected cohorts, which were not signifi-
cantly different from one another. The effect of targeting ribosomal
transcripts was again large but notably not of the same magnitude
as observed during the first cycle. However, the effect on overall
reproductive output was still substantial (dsRPS6, n = 64, 1274
eggs, 68.6% reduction/female; dsRPL26, n = 45, 1152 eggs, 59.7%
reduction/female) versus the 4002 in the dsGFP control (n = 63)
cohort. A few mosquitoes survived through a third oviposition
cycle to lay a third clutch of eggs but sample numbers were too
small to draw statistical conclusions (Fig 1C).
Others have noted (in other organisms) the fecundity effects of
knockdown of a number of different ribosomal transcripts. We
asked whether knockdown of any of the more than sixty ribosomal
transcripts would be effective in causing the same phenotype as
that of dsRPS6 and dsRPL26. To examine this, we selected RPL1
and RPS2 and produced triggers against these targets. No differ-
ences in fecundity were observed after injection of dsRPL1 and
dsRPS2 over the course of two independent experiments (Fig. 2A).(A)
(B)
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Fig. 2. Targeting of RPL1 or RPS2 do not result in reductions in fecundity. Injection
of 1000 ng/org of triggers targeting RPL1 and RPL2 did not cause a reduction in
fecundity at the first oviposition cycle (A) although gene expression indicates
effective knockdown of the targeted transcripts on day 3 post injection (B). This
represents data from 2 independent experiments. The number of individual
mosquitoes for fecundity counts are indicated at the base of each column. Error
bars represent mean ± SE.The dsRPS6 positive control and dsGFP negative controls gave the
expected results strongly supporting that not all ribosomal
transcripts result in reduced fecundity.3.2. Gene expression in Ae. aegypti Orlando strain
We examined individual mosquitoes for RPS6 and RPL26 gene
expression levels at three timepoints during the course of the
experiments that correspond to the conclusion of each oviposition
cycle. Samples were collected at 13, 20 and 29DPI. Significant
reductions in expression levels as compared to control dsGFP
injected samples (Fig. 3) were observed for some timepoints. For
those cohorts treated with the dsRPS6 trigger, significant knock-
down was observed at both 13DPI and 20DPI (Fig. 3A). Significant
RPL26 knockdown was observed at 13DPI, but by 20DPI, knock-
down was not significant when compared to dsGFP (Fig. 3B). Sim-
ilarly, analysis of gene expression indicates that we effectively
reduced transcript levels in dsRPL1 and dsRPS2 treated cohorts
but without the resultant reduction in fecundity (Fig. 2B).
Comparing total individual reproductive output and gene
expression indicates that reduction of either RPS6 (Fig. S1A) or
RPL26 (Fig. S1B) relative expression (RE) to below 0.6 of the
expression in dsGFP treated organisms is an effective threshold
for nearly complete shutdown of egg laying. With few exceptions,
dsRPS6 or dsRPL26 treated mosquitoes that laid larger quantities of
eggs had RE values above 0.6. Conversely, with only one exception,
RPS6 or RPL26 expression was greater than 0.6 in dsGFP injected
organisms (exception in Fig. S1B).(B)
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Fig. 3. The effect of dsRPS6 and dsRPL26 on gene expression is long lasting.
Quantitative PCR analysis of samples collected after first, second and third
oviposition cycles were examined for expression levels of A) RPS6 and B) RPL26.
Significantly reduced expression in dsRNA-treated samples was evident after the
first oviposition cycle for both triggers. Significant knockdown was also present in
the dsRPS6 treated after a second cycle demonstrating a lengthy effect from a single
injection of dsRNA. Calculation of RE was performed using the 2^ddCT method with
the transcript level of L24 as the control gene. Normalization was performed to the
control gene expression of an individual sample, thus mean values of relative
expression for all individuals other than the single control sample are present in
dsGFP treated mosquitoes. Efficiencies of test and control gene primer sets are from
1.94 to 1.98. Asterisks represent significant differences (P < 0.05) by T-test between
the dsGFP control of the same group. Error bars represent mean ± SE.
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ig. 5. Dissection of dsRNA treated mosquitoes indicates tissue level differences in
PS6 expression. Relative RPS6 expression was measured in dissected tissues
ollected from cohorts of 4–5 females at 6 days post injection from three
dependent experiments. RPS6 expression levels were calculated by using the
DDCt method of Livak (Schmittgen and Livak, 2008) with L24 as the control gene.
tatistical comparison was performed by T-test comparing the dsRPS6 and dsGFP
vels for each tissue group. Significant results are marked with an asterisk. Error
ars represent the mean ± SE.
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In light of the fecundity effects observed with dsRPS6 and
dsRPL26 knockdown, we performed dissections of ovaries 36 h
after ingestion of a blood meal for each treatment group. We
observed clear morphological differences based on the trigger
injected (Fig. 4). Representative ovaries from dsGFP injected mos-
quitoes had well developed follicles as would be expected at this
stage of normal egg provisioning (Raikhel, 1992; Clements,
2000). Loading of the oocytes with vitellogenins is well underway
in dsGFP treated organisms. In contrast, the ovaries of dsRPS6
injected mosquitoes were reduced and immature although it
appears that some oocytes were very slightly provisioned. Some
ovaries of dsRPL26 injected mosquitoes had provisioning but
others were very immature and shrunken.
3.4. Tissue specific knockdown after dsRPS6 injection
Because the dsRPS6 trigger produced the strongest effect on
fecundity and on ovarian morphology, it was used for further stud-
ies to gain initial insight into the mechanism of the effect. We
examined the site of action of the injected dsRPS6 by performing
dissections and then examining tissue specific gene expression.
Two cohorts of five mosquitoes were collected three days PBM
(6DPI) from three replicate experiments; one was used for process-
ing whole organisms and one for tissue dissections. Replicating
earlier experiments, the whole mosquitoes treated with dsRPS6
had significantly lower RPS6 expression levels than dsGFP treated
cohorts (Fig. 5). Examination of the dissected tissues provided finer
resolution. In the thorax, no difference existed between the two
treatments. The head showed limited knockdown and only barely
met the level of significance. In contrast, significant knockdowndsGFP 
dsRPS6 
dsRPL26 
Fig. 4. Ribosomal transcript targeting with dsRNA reduces oocyte maturation after
a blood meal. Ovarian dissection at 36 h after a blood meal showed differences in
egg provisioning. Provisioning of eggs was proceeding as expected (from Clements,
2000) for dsGFP injected mosquitoes. By comparison, developing eggs in dsRPS6
injected and dsRPL26 injected organisms were delayed or reduced. DsRPS6
appeared to produce greater inhibition of egg maturation.F
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bwas observed in the ovaries, but even stronger knockdown was
observed in the abdomen, the location of the fat body that pro-
duces vitellogenins for transport to the ovaries.
3.5. Effect of dsRPS6 dose on fecundity
We performed the same oviposition assay over a range of lower
doses of dsRPS6 up to the initially tested screening dose of
1000 ng/org to examine the effects of dose on oviposition (Fig. 6).
The reduction in clutch size remained similar for doses at 200 ng
and above indicating a dose plateau. At 100 ng and below, fecun-
dity increases inversely with dose. Injection of doses as low as
50 ng still resulted in significant reductions in egg production
when compared to standard 1000 ng/org dsGFP injected cohorts
(KW test H = 176.95, P < 0.001, df = 9). No significant difference
was observed at a dose of 25 ng of dsRPS6 or among three different
doses of dsGFP.ng/female
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Fig. 6. Dose curve of injected dsRPS6 shows significant differences in fecundity at
50 ng/org and above. Injection of doses of dsRPS6 from 1000 ng/org to 50 ng/org
resulted in significant reductions in fecundity in comparison to dsGFP injected
cohorts (1000, 100, and 50 ng/org). Fecundity was not different than control
injections at 25 ng/org of injected dsRPS6. A bloodmeal was provided three days
after injection and eggs were counted on 10 days post injection. Error bars
represent mean ± SD from 36 to 81 individual organisms per dose. Points with
letters represent significantly different groups (P < 0.05) identified by ANOVA. The
control sample for separation of means was the 1000 ng/org dsGFP injected control.
Table 5
Effect of siRNA mismatches on oviposition.
Trigger Average clutch (MN ± SE) N= Groupa
dsGFP 60.86 ± 5.21 35 A
dsRPS6-0_mismatch/siRNA 0.44 ± 0.44 32 B
dsRPS6-1_mismatch/siRNA 0.58 ± 0.58 31 B
dsRPS6-2_even/siRNA 8.46 ± 3.07 35 B
dsRPS6-3_even/siRNA 25.34 ± 5.21 35 B
dsRPS6-4_even/siRNA 66.80 ± 4.20 35 A
dsRPS6-2_cluster/siRNA 2.25 ± 2.14 36 B
dsRPS6-3_cluster/siRNA 28.61 ± 5.36 36 B
dsRPS6-4_cluster/siRNA 50.92 ± 5.14 36 A
a Analysis of oviposition data by Kruskal Wallis non-parametric analysis indi-
cated significant differences (H = 174.830, P < 0.001, df = 9) were present. Pair wise
comparison of dsGFP to dsRPS6 variants was performed by Dunn’s Test to allow for
group size differences.
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The current dogma, developed inD. melanogaster, is that 19 of 21
bases in an siRNA need to be complimentary to the native sequence
for effective RNAi. This assumption is also the basis for many pro-
grams that check for off target effects of RNAi triggers, including
the eRNAi webservice we used for trigger design. However, we are
unaware of any reports that this has been confirmed inmosquitoes.
Thuswe used the strong phenotype produced by dsRPS6 to examine
this issue with a series of dsRNA triggers with designedmismatches
to result in one to four intentional non-complementary base per
possible siRNA (Table 5) after processing.Wedid observe significant
effects due to mismatches (KW Test, H = 174.83, P 6 0.001, df = 9).
Triggers with one or two mismatches per siRNA were as effective
as the standard dsRPS6 trigger. Triggers with three mismatches
per siRNAwere less effective than those with two or fewer but were
still significantly different from the dsGFP control. Fecundity was
not different from dsGFP in those cohorts injected with 4 mis-
matches/trigger. In direct pairwise comparison (Dunn’s Test)
between triggers with evenly spaced or clustered mismatches
(2_even vs. 2_cluster, etc.), we did not observe significant differ-
ences. We can predict that although dsRPS6 targets a conserved
gene and would likely be effective against closely related species
like other aedines, the number of mismatches to more distant
organisms would likely render this trigger ineffective. Preliminary
data (unpublished) indicates that a trigger designed to target RPS6
in Musca domestica was ineffective in mosquitoes.
3.7. Sugar feeding dsRPS6 and injection of siRPS6 do not reduce
fecundity
As injection of triggers is impractical outside the laboratory, we
examined the effect of using a sugar meal to deliver the dsRPS6
trigger to adult females. Continuous exposure of females to 1 lg/
lL dsRPS6 in 10% sucrose for three days before blood feeding did
not result in any reduction in fecundity or in transcript level knock-
down while the injected controls produced the expected results
(data not shown). Administration in sucrose does not appear to
be a viable method to effectively induce the observed dsRPS6 phe-
notype. As the dsRPS6 trigger is a rather large molecule (152 bp),
we wondered if a much smaller siRNA might be more effective
for sucrose based delivery. To validate that the siRNA produced a
similar effect, we first performed injection experiments similar to
those described previously with siRPS6 and the control siCTL1.
Injection of 1 lg of siRPS6 did not produce a reduction in fecundity.
Clutch sizes between the siCTL1 (44.9 ± 5.8, N = 60) and siRPS6
(60.8 ± 8.3, N = 57) were similar, thereby indicating a difference
in effect with this siRNA trigger than that observed with the longer
dsRPS6. As no effect was observed by direct injection of siRPS6, we
did not pursue sugar feeding of this siRNA trigger.4. Discussion
We investigated the effect of several dsRNA triggers that target
ribosomal transcripts in the vector Ae. aegypti with the hope that
they might induce the mortality seen in other organisms. While
significant and quick mortality of adults would be ideal, reports
of this effect from dsRNA in mosquitoes are rare and have not been
readily reproducible (Pridgeon et al., 2008; Puglise et al., 2016).
This has led to the consideration of other slower acting effects that
change overall fitness or reproductive effectiveness. This is an
effective strategy being used in agricultural RNAi products. Pests
feed and although they die over a period of days (Baum and
Roberts, 2014), the products are nonetheless effective and have
the benefit of reduced non-target effects and environmental toxic-
ity when compared to traditional chemical insecticides.
In this study, no significant mortality was associated with any
of the tested triggers, but we did see a range of effects on individual
fecundity. The dsRNA trigger targeting RPS6 appeared to be slightly
more effective than that targeting RPL26 but they were not partic-
ularly different from one another (Fig. 1). While dsRPL26 did cause
significant reductions in fecundity, the effect seemed to lessen
more quickly and in ovarian dissections the eggs were more provi-
sioned than those of dsRPS6 treated mosquitoes (Fig. 4). The
decrease in egg laying behavior correlated well with levels of gene
expression measured from whole body preparations (Fig. 3). The
reduction in fecundity observed here agrees with the work of
others who have identified the efficacy of targeting ribosomal tran-
scripts. Targeting RPL14 and RPL8 in M. occidentalis and RPL8,
RPL11, and RPS13 in R. microplus (Wu and Hoy, 2014; Kurscheid
et al., 2009) or RPS3a in Culex pipiens (Kim et al., 2010) resulted
in reduced fecundity. Although it may seem a reasonable deduc-
tion that triggers against any ribosomal transcript would be effec-
tive in reducing fecundity, we show that, in mosquitoes at least,
knockdown of two other ribosomal transcripts (RPL1 and RPS2)
did not result in the same effect on fecundity even though tran-
script knockdown was observed (Fig. 2). Clearly, not all ribosomal
transcripts are equally good targets for reducing fecundity. RPS6 in
particular has a critical role in the ribosome as there is a dedicated
enzyme (RPS6 kinase, AAEL000728) that phosporylates it under
particular circumstances leading to activation (Meyuhas, 2008).
The role of RPL26 is less clear but there are indications that it
has additional extraribosomal functions that involve p53 and
MDM2 activation (Takagi et al., 2005) and may thus be critical.
Interestingly, an siRNA (23 bp) trigger directed against RPS6 did
not have the same effect as the longer dsRPS6 (153 bp) even
though it was delivered in a mass equivalent and by the same
method. This may indicate that the mechanism to take exogenous
dsRNA into the cell from the hemolymph may have a lower size
limit. Bolognesi et al. (2012) noted that dsRNA size was a critical
factor in dsRNA efficacy in the western corn rootworm. It has also
been noted that uptake of siRNA from the gut of some insects is not
as effective as longer dsRNA triggers (Whyard et al., 2015;
Bolognesi et al., 2012). In mosquitoes, injection of siRNAs directed
against IAP were not able to produce gene knockdown while the
longer dsIAP did result in reduced expression (Puglise et al.,
2016). Intriguingly, this effect in insects is the opposite of that
observed in mammals where siRNA are effective while longer
dsRNA activate the interferon system leading to a general shut-
down in gene expression as an antiviral response mechanism.
We also show that the effects of one dsRNA injection can be
long lasting (greater than 20 days), causing reduced fecundity
and gene expression weeks afterward though, as expected for an
RNAi response, a reduction of the effect occurs over time (Figs. 1
and 3). While a plateau in the dose effect of dsRPS6 (Fig. 6) was
shown, we did not examine whether lower doses in the plateau
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rounds of oviposition relative to the standard 1000 ng dose. Longer
term effects, up to two months, from a dsRNA injection has been
shown in an orthopteran (Moriyama et al., 2008) but has not pre-
viously been shown in mosquitoes. A durable effect from an RNAi
based pesticide is a beneficial attribute that would increase the
impact on subsequent generations.
While it would seem likely that knockdown of ribosomal tran-
scripts would cause critical deficits as the existing protein supply
needed replacement; in our studies the mosquitoes flew and
bloodfed for weeks without any obvious effect other than an
inability to produce normal clutches. It is possible that sufficient
quantities of proteins are present for day to day maintenance so
transcript requirement for new synthesis would generally be low.
However, taking of nutrition adequate for reproduction would
require the synthesis of additional transcript or the release of
sequestered transcript to make vitellogenins for provisioning of
eggs (Dhadialla and Raikhel, 1990; Kokoza et al., 2001). Expression
analysis of the ribosomal transcripts does not show a large spike in
these levels PBM as would be expected if new ribosomal transcript
synthesis began (Dissanayake et al., 2010). An interesting possibil-
ity is that mRNAs for the ribosomal transcripts are bound in the fat
body of the abdomen by ribonucleoprotein particles (Niu and
Fallon, 2000) which may make them inaccessible to RNA induced
silencing complex (RISC) cleavage until they are released by the
signal for increased production after taking nutrition sufficient
for oviposition.
Unlike the knockdown of coatomer proteins that appear to
effect the ability to digest the bloodmeal causing effects on oocyte
provisioning (Isoe et al., 2011), knockdown of RPS6 and RPL26 did
not produce noticeable reductions in the ability to process the
blood, indicating the effect is farther downstream in the oocyte
maturation process. Thus we examined knockdown in different tis-
sues and found that it was most pronounced in the abdominal car-
cass (Fig. 5) which houses the fat body and produces vitellogenins
(Kokoza et al., 2001; Dhadialla and Raikhel, 1990). However, at this
point, it is unclear if the blockage is at the level of the fat body and
thus the oocyte inhibition observed was because the ovaries were
starved for the proteins that should be transported from the fat
body. This would be an interesting area for future work using
tagged serum proteins to trace the ultimate location of the blood
meal proteins as they move from the midgut.
The use of RNAi-triggering molecules as therapeutic or control
agents has been advancing in mammals and plant feeding insects
but in species like mosquitoes that vector human or livestock dis-
eases, progress has been much slower. While the effect of reduced
fecundity and the mechanism leading to the effect are intriguing,
ultimately the success of an RNAi based product for vector control
will necessarily require the development of effective delivery
methods that deliver a trigger with a long-term effect (like dsRPS6)
or ideally, quick mortality. In this study, we show the possibility of
identifying triggers with long term effect as well as confirming rel-
ative specificity as shown by complete loss of effect with just 4
mismatches per siRNA. However, to be useful, efficient simple
delivery methods must be developed.
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